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Carboxymethyl cellulose sizing repairs carbon fiber surface defects in 
epoxy composites 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Repaired the surface defects of carbon 
fiber to reinforce epoxy-based 
composites. 

• Increased the body strength of carbon 
fiber and chemical bonding strength 
between the fibers and the matrix. 

• The interfacial shear strength (IFSS) of 
the composites increased by about 18%. 

• Analyzed the influence of the distribu-
tion of carbon fiber in the matrix on the 
composites.  

A R T I C L E  I N F O   

Keywords: 
Carbon fiber 
Carboxymethyl cellulose 
Interface 
Epoxy 

A B S T R A C T   

Carbon fiber inevitably generates a large number of defects coupling with the multi-functional groups on its 
surface during the production process. As a result, these defects will cause stress concentration at the interface, 
thereby reducing the performance of carbon fiber reinforced polymer composites (CFRPs). In this work, a self- 
driven method is adopted to repair the surface defects of CFs to improve the interface properties of CFRPs. 
The surface of CFs is sized by nano-carboxymethyl cellulose (CMC) with multi-functional groups. Due to the 
existence of multi-functional groups on the surface defects of CFs and the non-polarity of other areas in CFs, CMC 
can automatically gather at the defects via polar attraction between the multi-functional groups to achieve the 
self-driven repair. Besides, due to the film-forming properties of CMC, the surface defects will be used as a fixed 
points to form a tight layer of nanofiber membrane with the multi-functional groups on the surface of CFs. It is 
found that the repair of CFs surface defects and the introduction of multi-functional groups will synergistically 
enhance the interface performance of epoxy-based composite. The modification method is environmental benign, 
which lays a research foundation for improving the interface properties of CFRPs using natural cellulose.   

1. Introduction 

As advanced composites, carbon fiber reinforced polymer compos-
ites (CFRPs) are widely used in mechanical engineering [1,2], aerospace 

[3,4], automotive industries [5] because of their excellent mechanical 
performance to weight ratio [6,7]. Generally, the interface between 
carbon fibers (CFs) and resin is pivotal for the mechanical performance 
of CFRPs, because the load is transferred from resin to CFs to reduce the 
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stress concentration induced by the interface [8–10]. Better interphase 
properties often provide a better mechanical performance of composites 
[11,12]. However, the number of polar groups on the surface of un-
treated CFs is small resulting in a weak interaction with resin matrix 
[13]. Beside, CFs as the rigid material, due to the existence of surface 
defects, when the CFRPs are subjected to stress, it is easy to cause stress 
concentration at the interface, resulting in a decrease of their material 
performance [14,15]. These questions restrict the further improvement 
of CFRPs’ performance and have become a long-existing critical issue for 
the development of them. Therefore, the modification of CFs to obtain 
an excellent interface is of great significance to realize the high perfor-
mance of CFRPs and solve the future demand for advanced composite 
materials. 

The interfacial properties relate to the chemical composition and 
morphology of CFs surface [16,17]. CFs will inevitably cause a large 
number of defects with multi-functional groups during the production 
process, and these defects have a crack tip effect and produce stress 
concentration at the interface [18–20]. Many researchers focused on 
modifications of CFs inert surface to introduce additional chemical 
reactive sites and surface areas for adhesion to make CFs/resin interfa-
cial properties better, such as sizing [21–25], grafting [13,26], chemical 
vapor deposition [27–29], electrochemical method [30–32], plasma 
treatment [33–35], etc. However, it has been recognized that strong 
(chemical) treatment may damage the surface of CFs, resulting in even 
greater defects, thereby reducing its mechanical properties [36,37]. In 
order not to damage the strength of the CFs body and cause more de-
fects, we used the multi-functional groups at the defects on the surface of 
CFs as a breakthrough point to enhance the interface performance of the 
composite material. During the sizing process, taking advantage of the 
difference between the multi-functional groups of CFs defects and the 
surface inertness, particles with polar groups will automatically adsorb 
to the defects according to the infiltration theory [38–40]. Furthermore, 
nanoparticles with polar groups on CFs will also effectively weaken the 
crack tip effect of CFs and enhance the tensile strength of CFs and the 
comprehensive properties of CFRPs [20,41]. Sizing is considered as the 
best method to improve the interface properties without damaging the 
mechanical properties of CFs [42]. It also can tailor the wettability and 
improve the reactivity of CFs without the complicated chemical reaction 
or grafting [43,44]. 

Because of nanometer size and multi-functional groups, carbox-
ymethyl cellulose (CMC) is an appropriate choice as the emulsion sizing 
agent to improve interface properties [45,46]. The glucopyranose ring of 
CMC has an abundant hydroxyl group, which can improve the surface 
wettability of CFs [47,48]. There are a lot of oxygen-containing func-
tional groups on the surface defects of CFs [40]. During the sizing pro-
cess, nano CMC will automatically be adsorbed on the defects to fill 
them and increase the radius of the crack tip. It can effectively avoid the 
stress concentration of the crack tip and improve the mechanical per-
formance of CFRPs [49]. Besides, due to the film-forming properties of 
CMC, the defects will be used as a fixed point to form a tight layer of 
nanofiber membrane with the multi-functional groups on the surface of 
CFs. The polyfunctional group membrane will act as a bridge between 
CFs and epoxy (EP) to improve the interface performance of CFRPs. 
Furthermore, a variety of functional structural materials can be pre-
pared by combining CMC and carbon materials including carbon 
nanotubes, graphene, carbon black, etc [50–52]. Hence, the application 
of these materials in CFRPs also relies on the study of CMC improving 
the interface properties between CFs/matrix. 

In this paper, we hope to improve the mechanical properties of the 
CFRPs via self-driven repair of the surface defects of CFs with nano-scale 
CMC and introduce polar functional groups onto the surface of CFs. And 
the effects of different concentrations of CMC on the interface properties 
between CFs and EP were investigated. And the effects of these physical 
and chemical modifications on surface morphology, surface chemical 
composition, monofilament tensile strength of CFs, dynamic wettability, 
and interfacial adhesion between CFs and epoxy were compared and 

studied. 

2. Experiments 

2.1. Materials 

The PAN-based carbon fibers without a sizing agent (average diam-
eter 7 μm, linear density 0.404, density 1.78 g/cm3) were supplied by 
Heng Shen Industries, Inc. (Jiangsu, China). The carboxymethyl cellu-
lose (CMC, 50–100 MPa s, DS = 0.7) was purchased from Aladdin Re-
agent Industries, Inc. (Shanghai, China). The epoxy used was Bisphenol- 
A type epoxy resin (E51, epoxy value 0.49–0.54 mol/100g), and ob-
tained from De Yuan Epoxy Technology Industries, Inc. (Shandong, 
China). The curing agent was 4,4′-diamino diphenylmethane (DDM) and 
provided by Aladdin Reagent Industries, Inc. (Shanghai, China). All re-
agents can be used directly and do not need to be purified. 

2.2. Methods 

2.2.1. CFs modification 
100 g deionized water was added to each of the five 200 mL beakers. 

0 g, 0.0250 g, 0.050 g, 0.0750 g, 0.1000 g CMC was added into them, 
respectively. Stirring for 2 h to disperse the CMC evenly in the water. 
Take a 5-m-long piece of CF to wrap around a frame (4 cm × 8 cm) made 
of polytetrafluoroethylene (PTFE) and then five of them were placed 
into the above five beakers individually. This means the 5-m-long piece 
of CF (weight about 2.02 g) was treated by 0 g, 0.0250 g, 0.050 g, 
0.0750 g, 0.1000 g CMC, respectively. The CF samples were dipped 
sizing for 10 min and dried in a vacuum oven at 40 ◦C for 24 h. The 
samples after the above series processes were named as CF, CF/0.025 g 
CMC, CF/0.050 g CMC, CF/0.075 g CMC, CF/0.010 g CMC, respectively. 

2.2.2. Preparation of composites 
The modified CFs, E51 resin, and curing agent DDM were used to 

prepare CFRPs. Equal amounts of E51 and DDM were mixed in a beaker 
and stirred by an agitator in the oil bath for 15 min at 80 ◦C. Then the 
CFs with a length of 5 m were wrapped by the epoxy and put into the 
mold. After that, the samples were cured at 135 ◦C under 10 MPa for 2 h 
and 175 ◦C for 2 h under 10 MPa, respectively. Composite laminates 
were obtained with about 62 vol % CFs (width and thickness of speci-
mens: 6.5 mmm × 2 mm) for tests. 

3. Results and discussion 

3.1. Chemical characterization of CFs surface 

3.1.1. FTIR analysis 
The chemical structure of the materials is obtained by FTIR (Fig. 2). 

From Fig. 1, it can be seen the chemical structure of CMC in Fig. 1. The 
FTIR data shows CMC may be successfully sized on the surface of CFs 
and there are no chemical reactions between CFs and CMC when they 
were combined. As shown in Fig. 2, the peak of 3385 cm− 1 is assigned to 
the stretching vibration of –OH group or hydrogen bond. Water mole-
cules in the environment attached to the surface of CFs, causing the –OH 
peak of CFs [53]. However, the peak of 3385 cm− 1 of CMC comes from 
the hydroxyl functional group and hydrogen bonding. The presence of 
hydrogen bonds of CMC may be the reason that the peak width of the 
mixture is wider than that of CFs. The characteristic absorption bands in 
the range of 1620–140,1200-1000 cm− 1 were attributed to the stretch-
ing vibrations of –COO and -C-O- on the polysaccharide skeleton. This 
result is consistent with previous reports [54,55]. And we think the peak 
of 600–900 cm− 1 may be the fingerprint area of CMC which was caused 
by its glucose structure. Further, the characteristic peak of CMC appears 
and no other new peak occurs on the modified surface of CFs. In sum-
mary, CMC may attach to the surface of CFs to increase functional 
groups by sizing and the process is a physical process. 
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3.1.2. Raman spectrum analysis 
The structure changes on the surface of CFs were analyzed by Raman 

spectroscopy. It can be seen from Fig. 3 (a) that the Raman spectral 
regions of CFs after different treatments have two obvious spectral lines: 
the D line (disordered carbon structure: 1360 cm− 1) and G line (graphite 
crystallite structure: 1580 cm − 1) [56]. R (R = ID/IG) is the integrated 
intensity ratio of the D line (the disordered structure) to the G line (the 
graphite structure), and it was used to measure the change of the surface 
defects and the low symmetrical structure of CFs [57]. The smaller the 
R-value was, the higher the degree of graphitization of the carbon fiber 
was, and the higher the degree of ordering of the crystallites was. The 
value of ID/(ID + IG) indicates the relative content of microcrystalline 
defects in carbon materials. 

As seen from Table 1, compared to that of the untreated CFs, the 
position of D and G line of the treated CFs slightly shifts towards the 
higher wavenumber, and the half-width of D line of the treated CFs is 
increased, while the half-width of G-line is opposite. This indicates that 

the graphite crystallite structural performance of carbon fiber tends to 
be stable, contrary to the disordered carbon structure. From Fig. 3 (b), 
we can see the graphitization degree of T300, which overlaps relative to 
peak D and peak G, while the intensity of peak D is greater than that of 
peak G, indicating that the disordered structure of T300 is greater than 
the graphite structure. Thus the main structure of T300 is chaotic 
graphite structure instead of complete graphite structure. With the 
gradual addition of cellulose, the R and ID/(ID + IG) value also gradually 
increased, indicating that the degree of fiber defects and the relative 
content of it, on the whole, is gradually increasing. The increase in active 
defects will improve the interface bonding strength of the CF/EP. 

3.2. Surface morphology of CFs 

From Fig. 4 (a), the untreated CFs are dispersed in the macroscopic 
morphology. With the addition of CMC, CFs bundling gradually in-
creases, indicating that CMC has a positive effect on CFs bundling. From 
the microscopic morphology of Fig. 5 (b), the untreated surface of CFs 
has small grooves parallel to the fiber axis due to the spinning process of 
the CFs precursor and presents a neat and smooth appearance. There are 
also a few local protrusions and pits on the surface of untreated carbon 
fiber, which form certain physical defects and easily cause stress con-
centration during use. After sizing, CFs appear to be closely bound with 
cellulose film, which may due to the emulsification of CMC on the sur-
face of CFs and improves the interface bonding. With an increase of CMC 
content, the surface grooves become shallower, and the morphology is 
no longer neat and smooth, and CMC film-forming on the surface of CFs 
causes protrusions and wrinkles. These rough morphology can increase 
the area of contact between CFs and the resin matrix. According to the 
mechanical locking theory, it may help the CF/matrix combination. 
When CMC is increased to 0.075 g, as seen in Fig. 4 (e), the cellulose film 
begins to form between the fibers, and fiber bonding occurs. When the 
content of CMC is 0.100g, as shown in Fig. 4 (f), large-scale films formed 
on the surface of CFs, and bonding phenomena occur among CFs. This 
phenomenon may block the epoxy resin infiltration channel, and reduce 
the contacting surface area between CFs and epoxy, reducing the me-
chanical performance of the composite subsequently. 

The morphology and average roughness of the CFs’ surface are 
measured by AFM. It can be seen from Fig. 4 (g) that the untreated 
surface of CFs exhibits a wide and smooth sheet-like morphology. Those 
grooves parallel to the fiber axis on the surface in the scanning electron 
microscope can also be seen in the AFM. After sizing, the microstructure 
of CFs surface changed and the average roughness increased. According 
to current research, higher roughness often leads to better interface 
performance [58,59]. From Fig. 4(g–k), we can see that the average 
roughness increased from 21 to 89 as the sizing concentration increased. 
This may be due to the small molecules of the slurry after sizing 
immersed in the grooves on the surface of CFs, and the large molecules 
form film prominent on the surface of CFs. As the content of CMC in-
creases, the area, and thickness of the film increase. Furthermore, due to 
the uneven surface tension during the film formation of cellulose, un-
even protrusions will be formed, resulting in the average roughness 
gradually increased. The phenomenon can be presented in Fig. 4 (e) and 
(f). From Fig. 4 (l), and we can see that compared with untreated CFs, 
the surface of modified CFs has a larger number of protrusions and a 
greater height difference. These active protrusions with a certain height 
will help to bond with EP and improve the interface properties. 

3.3. Modified strength analysis 

3.3.1. Monofilament tensile strength of CFs 
In resin matrix composites, CFs play an important role in load- 

bearing because the strength of the fiber is much higher than that of 
resin [60]. The mechanical strength of CFs directly affects the me-
chanical properties of CFRPs. Fig. 5 shows the single fiber tensile 
strength of CFs with different content of CMC. It is necessary to 

Fig. 1. (a) Illustration of the preparation of modified CFs, (b) the preparation 
structure of CFRPs and (c) illustration of the experimental process of modi-
fied CFRPs. 

Fig. 2. FTIR spectra of CMC, CF, CF/0.025 g CMC, CF/0.050 g CMC, CF/0.075 
g CMC, CF/0.100 g CMC.CFs were analyzed by FTIR spectrophotometer using 
powder-pressed KBr tablets. The CFs were cut as short as possible and ground 
into powder with KBr for FTIR measurements. 
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understand the change of CFs tensile strength before and after sizing, 
which is helpful to analyze the effect of CMC on the strength of CFs body 
[61]. WEIBULL modulus m characterizes the uniformity and reliability 
of the single filament strength of CFs and the higher m value indicates 
the higher uniformity and reliability of CFs [62]. We can see from Fig. 5 
the m value of treated CFs is higher than that of untreated CF, which 
means CMC sizing CFs can effectively increase the uniformity and reli-
ability of CFs and their single filament strength. And we have noticed 
that with the increase of CMC content, the m value of CFs has been 
increasing until the addition amount reaches 0.100 g. Next, we will 
explore the reason by observing the fiber morphology through the 

optical microscope. 
CFs are the brittle material. According to the Griffith micro-crack 

theory, when subjected to external forces, CF tends to form stress con-
centration at the crack tip and release it with the value-added and 
expansion of the crack [63]. It often results in fractures under low stress, 
which is also the preliminary cause of carbon fiber strength dispersion. 
The crack propagation force depends on the shape, size of the crack 
body, its load-bearing method, the location of the crack, the shape and 
size of the defect, etc [64]. There are many defects on the surface of CFs, 
and there are a large number of oxygen-containing free radical groups 
such as hydroxyl groups and oxides at these defects. During the sizing 
process in Fig. 6 (e), the polar groups of CMC will preferentially adsorb 
on the oxygen-containing functional groups of these defects to fill the 
defects and pores on the surface of CFs. The presence of CMC will in-
crease the radius of the crack tip and avoid stress concentration at the 
defect. Meanwhile, under the action of external force, the shear action 
between CMC and CFs will also consume part of the load [40,49]. All of 
these will repair defects and share the load to CFs, and ultimately in-
crease the tensile strength of CFs. Under the microscope in Fig. 6(a–e), 
we can see that the diameter of CFs increases through the increase of the 
sizing content. When the addition amount reaches 0.100 g, a large 
number of uneven bumps appear on the surface of CFs. Combined with 
the crack tip theory, this may be the value of m becomes smaller and the 
cause of performance dispersion. 

3.3.2. Contact angle of CFs 
Good wettability is a necessary condition for two-phase carbon fiber 

composite material to achieve good bonding. The wettability of the 
surface of the single carbon fiber was determined by the contact angle 
measurement according to the principle of surface physical chemistry 
[65]. At the moment when the fiber surface is in contact with the liquid, 

Fig. 3. Raman spectra curves were fitted by the Gaussian function: (a) full spectra, (b) CF, (c) CF/0.025 g CMC, (d) CF/0.050 g CMC, (e) CF/0.075 g CMC, (f) CF/ 
0.100 g CMC showing the contribution from the two main modes D and G, (g) D peaks of all samples, (h) G peaks of all samples. Raman spectrometer used a helium- 
neon laser to emit a laser with a wavelength of 633 nm and scanned the surface of CFs in the range of 500–3000 cm− 1 through a grating of 600 gr/mm. 

Table 1 
Comparison of Raman peaks of samples.  

Samples D Peak G Peak R 
（ID/ 
IG） 

ID/(IG 

+ ID) 
Peak 
position 
(cm− 1) 

Half- 
height 
width 
(cm− 1) 

Peak 
position 
(cm− 1) 

Half- 
height 
width 
(cm− 1) 

CF 24808 284 15836 105 1.567 0.610 
CF/ 

0.025 
g CMC 

42652 302 20392 104 2.092 0.677 

CF/ 
0.050 
g CMC 

161525 307 76359 103 2.115 0.679 

CF/ 
0.075 
g CMC 

205968 326 88048 99 2.339 0.701 

CF/ 
0.100 
g CMC 

198020 341 70165 97 2.822 0.738  
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a strong adsorption force generates and the contact point is moved, 
resulting in a small contact angle [66]. Therefore, the smaller the con-
tact angle is, the better the wettability of the carbon fiber is. Conversely, 
the wettability of the carbon fiber is poorer. It can be seen from Fig. 7(a) 
the contact angle of untreated CFs is 120.4◦, indicating that the wetta-
bility of untreated CFs is poor, which is related to its inert surface and 
the small number of polar functional groups. In Fig. 7(f), as the CMC 
content increases, the water contact angle decreases significantly. When 
CMC content is 0.100 g, the water contact angle is 85.9◦, which is about 
1/3 lower than that of untreated CF. Combining infrared spectroscopy 
(Fig. 2) and Raman spectroscopy (Fig. 3) analysis, the introduction of 
polar functional groups such as hydroxyl carboxyl groups on the CMC 
increases the polarity is the main factor that causes the surface energy of 
the CFs to reduce the water contact angle. Therefore, CMC has a positive 
effect on CFs surface wettability. And from the above point of view, 
higher addition of CMC seems to have a better improvement effect on 
the interface between CFs/EP. 

3.3.3. ILSS of CFRPs 
As one of the most important properties of CFRPs, ILSS can directly 

reflect the interfacial properties of CFRPs. In Fig. 8 (a), the ILSS of 

unmodified CFs is 41.67 MPa. As the content of CMC increases, the ILSS 
of CFRPs also increases. When the added amount of CMC added reaches 
0.075 g, the maximum value of ILSS reached 49.21 MPa. Combined with 
the above test results, it may be the introduction of polar functional 
groups, and the increase of the surface roughness of the fiber synergis-
tically improve the interface properties of CFs/matrix, and then improve 
the ILSS of the composite. However, when the amount of CMC is 0.100 g, 
ILSS of the composite is 42.15 MPa. The interfacial properties of the 
composite material decreased with the increase of CMC content. This 
may be due to the increase of CMC content seen in the SEM, which 
further increased the adhesion between the fibers and blocked the epoxy 
infiltration channel. As a result, the epoxy resin does not fully permeate 
into the CFs, resulting in the performance degradation of the composites. 
Therefore, ILSS increases with the increase of its content only when CMC 
is added in an appropriate amount, and CMC has a positive effect on 
enhancing the interface bonding force between CFs/matrix. 

As can be seen from Fig. 8 (b) and (c), compared with the unmodified 
CFs, the ILSS of the composite material with an added amount of 0.075 g 
increased by about 7.5 MPa, and the enhancement was about 18%. 
Compared with the reported modification results using GO as the sizing 
agent, the enhancement range of adding 0.075 g CMC is more than 6%, 

Fig. 4. CFs sizing picture(a) and SEM of CFs surface of (b) CF, (c) CF/0.025 g CMC, (d) CF/0.050 g CMC (e) CF/0.075 g CMC(f) CF/0.100 g CMC. AFM of CFs surface 
of (g) CF, (h) CF/0.025 g CMC, (i) CF/0.050 g CMC (j) CF/0.075 g CMC(k) CF/0.100 g CMC and (l) the analysis of sample peaks. 
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and the absolute value is about 2 MPa higher. Besides, compared with 
the lignin enhancement effect of the same type, its enhancement 
amplitude is not as good as that of lignin, which is mainly due to the low 
strength of the carbon fiber body used by lignin. However, the absolute 
value of CMC modification enhanced value is 2 MPa higher than lignin. 

Therefore, CMC may be a better choice than GO and lignin in the 
interface properties of sizing modified CFs/matrix. To further under-
stand its interlayer failure mechanism, the morphology of its longitu-
dinal and cross-section fractures will be analyzed. 

Fig. 5. Linear fit graph of CFs WEIBULL:(a) CF, (b)CF/0.025 g CMC, (c)CF/0.050 g CMC, (d)CF/0.075 g CMC, (e)CF/0.100 g CMC and CFs monofilament ten-
sile strength. 

Fig. 6. Microscope image of (a) CF, (b)CF/0.025 g CMC, (c)CF/0.050 g CMC, (d)CF/0.075 g CMC, (e)CF/0.100 g CMC. (g)schematic diagram of making mono-
filament tensile samples and (f)Schematic diagram of fiber surface changes before and after sizing. 
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3.4. Interfacial fracture morphology of CFRPs 

The morphology of the longitudinal section (parallel to the axial 
direction of CF) and crossection (vertical to the axial direction of CF) of 
the composites were characterized by SEM, as seen in Fig. 9. The 
morphology of the untreated CFs longitudinal section can be seen in 
Fig. 9 (a). The surface of untreated CFs is clean and complete after the 
CFRP is broken, and almost no epoxy remains on it. Due to the weak 
interface bonding force between CFs and epoxy, epoxy cannot attach 
well to the surface of CFs when the CFRP is broken. The break mainly 
occurs at the interface between CFs and epoxy because the stress cannot 
be transferred from the matrix to the CFs. It can be seen from Fig. 9 (b) 
that when the amount of CMC added is 0.075 g, the amount of epoxy 
residue on the surface of the fiber increases significantly after brerface. 
Then the fiber bears the stress and breaks, which reveals that CMC can 
effectively improve the interface bonding strength of CFs/epoxy and 
achieve the effect of transferring stress. However, when the CMC content 
is further added to 0.100 g, CFRPs show a bonding morphology after 
breaking. Combined with the SEM in Fig. 4 (b), this should be caused by 
the phenomenon of CFs sizing bonding. As a result, the epoxy cannot be 
infiltrated between CFs, which results in insufficient epoxy infiltration 
and reduces the strength of the composite. 

From the longitudinal cross-sectional morphology of unmodified fi-
bers in Fig. 9 (a’), we can see that when CFs and the substrate are peeled 
off, CFs are pulled out as a whole due to the weak interface adhesion 
between CFs and epoxy, leaving a lot of holes. However, when the 
amount of CMC added is 0.075 g, no CF is pulled out from the 

longitudinal section in Fig. 9 (b’). like the cross-section. CFs have cracks 
and fractures caused by load-bearing stress. The morphological break 
also appears in the samples with the CMC addition amount of 0.100 g in 
Fig. 9 (c’). Combined with Fig. 4 (c), we think CMC has a positive effect 
on enhancing the interfacial bonding between CF and epoxy. The high 
concentration of CMC seems to have little effect on the transfer of 
interfacial stress. The decrease of CFRPs’ performance is caused by the 
insufficient infiltration of CFs with epoxy. 

To understand the modification of CMC to CFs and EP more intui-
tively, we conducted a statistical analysis of the distribution of CFs in the 
longitudinal profile of CFRPs broken. The pictures of SEM are divided 
into 64 squares, and the number of fibers in each square is indicated by 
the color depth. From the statistical analysis chart, we can see that the 
distribution interval of unmodified CFs in the composite material is 
large. There are many light-colored parts, and the arrangement is rela-
tively loose. Besides, we can also see from the pictures that the fibers 
after sizing are arranged closer than those without sizing, and the 
number of fibers in each rectangle increases from 1–2 to more than 2 as 
the cellulose content increases. This is consistent with its macroscopic 
morphology. As the cellulose content increases, the overall distribution 
color becomes darker, indicating that the fibers are arranged more 
closely. It can be seen that when 0.100 g is added, about 90% of the 
fibers are containing two or more fibers, and the fiber arrangement is to 
tightening will block the epoxy infiltration channel, which is conducive 
to the performance of CFRPs. 

Fig. 7. Contact angle of (a) CF, (b)CF/0.025 g CMC, (c)CF/0.050 g CMC, (d)CF/0.075 g CMC, (e)CF/0.100 g CMC. (f) line chart of contact angle change.  

Fig. 8. The ILSS comparison of modified CF (a), the ILSS comparison with literature composites (b): increment (%), (c): increment (MPa), literature composites: CF/ 
GO [67] and CF/Lignin [68]. 
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4. Conclusion 

In this study, the surface of CFs was modified with CMC via the self- 
driven repair mechanism and results showed that both the strength and 
interface properties of CFs/EP composites were greatly improved. When 
the amount of CMC added is 0.075 g, the interface properties of CFRPs 
are the best. The ILSS of the modified CFRPs increased by approximately 
8 MPa when compared with that of the untreated counterparts. The 
introduction of CMC can repair defects of CF and weaken the stress 
concentration of the crack tips of CFs to enhance the strength of the 
monomer. It can also introduce polar functional groups to increase the 
surface polarity and improve the interface properties between CFs and 
EP. Also, an excessive addition of CMC will affect the distribution of CFs 
in CFRPs and the penetration of EP into the CFs, thereby deteroprating 
the performance of the composite material. In summary, the modifica-
tion method has the advantages of not damaging CF and being envi-
ronmentally friendly, which lays a research foundation for improving 
the interface properties of CFRPs with natural cellulose. 
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Characterization methods 

CFs need to be cut as short as possible and ground into powder with 
KBr. The chemical groups on the surface of CFs were analyzed by FTIR 
spectrophotometer (FTIR, Nicolet 570, USA) from 500 to 4000 cm− 1 

using powder-pressed KBr tablets. Before the test, the CFs shall be stored 
in a vacuum oven at 80 ◦C for more than 24 h to eliminate the water on 
the surface of CFs. 

Carbon fiber bundles were bonded to the glass sheet for the test. 
Raman spectrometer (Raman, Dilor, France) was adopted to check the 
surface structural features of CFs. Raman spectrometer uses a helium- 
neon laser to emit a laser with a wavelength of 633 nm and scanned 
the surface of CFs in the range of 500–3000 cm− 1 through a grating of 
600 gr/mm. And then the Gaussian function was used to fit the curve. 

Scanning electron microscope (SEM, JSM-9600, JEOL, Japan) and 
atomic force microscope (AFM, MultiMode Ш, Bruker, Germany) were 
employed to detect the surface morphology and roughness of CFs. 

Monofilament tensile test was performed based on the ASTM 
D3379-75 [69] https://www.sciencedirect.com/science/article/pii/ 
S0032386117310297 - bib26, where made on Instron 5566 at a cross-
head speed of 10 mm min− 1 and the gauge length of 20 mm. Effective 
data was collected and analyzed base on the Weibull statistical method 
[70]. 

Contact angle tester (DSA, Kruss, Germany) was used to measure the 
contact angle between CF and water. Sprayed 0.1 pL ultrapure water 
onto the horizontally straight single fiber fixed on the sample stage, and 
record the whole process of the droplet contacting with the fiber. 
Through the droplet shape analysis, the water contact angle of the single 
fiber was calculated. The contact angle of the samples was determined 
along with the average value of five different positions [71]. 

The interlaminar shear strength (ILSS) of carbon fiber composites 
(length, width, and thickness of specimens: 25 mm × 6.5 mm × 2 mm) 
was evaluated by the three-point short-beam bending test according to 
ASTM D2344 standard. The tests were carried out on a universal testing 
machine (Instron5567, USA). 

The IFSS values calculated from:Where Pb represents the maximum 
breaking load, b is the width of the specimen (mm) and h is the thickness 
of the specimen (mm). 
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